Abstract-Hybrid precoding architectures are widely studied for millimeter wave (mmWave) massive MIMO systems. A major challenge in designing hybrid precoders is the practical constraints on the number of RF chains, which can have a direct impact on the spectral and energy efficiencies of the communication systems. In this paper, we investigate tradeoff between the two performance metrics in both static and mobile communication scenarios via closed-form expressions, when the number of active RF chains can be selected. Based on these expressions, the computational complexity to configure the hybrid precoder is reduced, which can be used to adaptively activate required RF chains for the given MIMO system and channel condition. Numerical results indicate that a certain number of RF chains should be activated in order to maximize energy efficiency at high SNRs, which is generally different from the optimal configuration to maximize spectral efficiency. Furthermore, for low SNRs, we have shown that a simple analog beamforming, which uses only a single RF chain, is optimal for both spectral and energy efficiencies. In addition, the proposed mobility-aware hybrid precoding is shown to be capable of effectively achieving beamforming gain between high-speed mobile devices.
I. INTRODUCTION

M
ILLIMETER wave (mmWave) communications and massive Multiple-Input Multiple-Output (MIMO) are the key technologies in 5th generation cellular systems [1] . To enable multi-gigabit transmissions, they will be adopted in future communication networks, including traditional cellular systems, distributed radio-over-fiber systems [2] , massive ad hoc networks [3] , and space-air networks [4] . Such communication systems take advantage of large mmWave spectral bands (from 30 GHz to 300 GHz) allocated for mobile communications. Due to the very high frequency of mmWave, massive MIMO communications can be efficiently utilized to overcome more severe propagation and penetration losses as compared to sub-6 GHz transmissions [5] . Under these conditions, massive antenna arrays can be deployed for both path loss compensation and capacity improvement [6] . Such a deployment is highly feasible in mmWave communications due to the small wavelength, where hundreds of antenna elements can be compactly packed for massive MIMO implementation [7] . The traditional multi-antenna systems in sub-6 GHz bands, however, are generally implemented with fully digital architecture, where all signal processing is performed in the digital domain before transmission in the Radio Frequency (RF). To realize a fully digital architecture, the number of RF chains is equal to the number of antennas [8] , which is not practical for massive MIMO systems with hundreds of antennas at each communication device. This is not only because a large number of RF chains significantly increases the hardware cost, but they also consume large amounts of energy in wireless transmission systems [9] . To cope with this issue, mmWave antenna systems adopt a hybrid analog and digital architecture [10] , where the number of RF chains is much smaller than the number of antennas in order to reduce energy consumption. Accordingly, hybrid processing at transmitters, which is known as hybrid precoding, is divided into analog and digital signal processing, where the former is directly implemented with analog circuitry, such as phase shifters.
Reducing the number of RF chain can have a significant impact on both the spectral and energy efficiencies of the communication system. For instance, when the mmWave channel has a sufficient spatial degree of freedom, the number of RF chains determines the maximum number of multiplexed data streams, which can be simultaneously transmitted over wireless channels. This yields a spectral efficiency proportional to the number of multiplexed data streams at a high SNR [11] . On the other hand, RF chains contain some of the heavily energy-consuming components in a transmission system (e.g., amplifiers, frequency synthesizers, mixers, etc) [12] , [13] . Using multiple RF chains substantially increases the total power consumption, hence degrading energy efficiency of the mmWave transmitter. Note that spectral and energy efficiencies are also coupled with other system parameters, such as wireless channel, Signal-to-Noise Ratio (SNR), and antenna arrays. As will be shown in the following sections, these two performance metrics display distinct behaviors under different system configurations, and optimal configuration of the RF chains has to be adapted accordingly. In order to optimize spectral efficiency and/or energy efficiency for specific channel conditions, we consider a configurable hybrid precoding scheme, which flexibly chooses the number of active RF chains for various requirements of the target spectral and energy efficiencies.
The fundamental energy efficiency of a communication system is characterized in [14] as conveyed information bits per radiated energy. RF chain management further includes hardware power consumption into the system framework, and 0018-9545 © 2019 Crown Copyright plays an important role in optimizing the power consumption of fully-digital MIMO systems [15] - [17] , where the optimal number of RF chains is found via simulations or measurements. Recently, it has also been considered in [18] and [19] for the mmWave multi-user MIMO system, where the transmitter adopts the hybrid precoding and serves multiple single-antenna receivers. In [18] , the energy efficiency is maximized by optimizing the hybrid precoder for each possible number of active RF chains. In [19] , it is shown that the joint optimization of RF chain configurations and the hybrid precoder is subject to non-convex l 0 -norm constraints. By using sparsity relaxation, suboptimal solution is found via the compressed sensing technique. To the best of our knowledge, the RF chain configuration algorithms, such as those in [18] and [19] , rely on numerical procedures to search for the optimal number of activated RF chains. Consequently, this incurs prohibitively high computational demands due to the non-convexity of the problem. Hence, it is impractical to apply these algorithms in mobile or lowcomplexity computing platforms, which would require adapting to fast varying wireless channels. To overcome this, we aim to characterize the spectral and energy efficiencies of mmWave MIMO systems with closed-form expressions. On this basis, the required number of RF chains can be efficiently calculated for given spectral and energy efficiency requirements, as well as given channel conditions, which could further enable adaptive hybrid precoding to flexibly activate RF chains on-the-fly.
Given the number of active RF chains, optimization of the hybrid precoder is a challenging issue in designing the mmWave transmitter. The prevailing design principle of the hybrid precoder is to approximate the fully digital counterpart [10] , [20] , [21] . Due to hardware constraints of the analog phase shifters, this is in general a difficult problem as the analog precoder is subject to non-convex constant-modulus constraints [22] . To address this issue, in [23] - [25] the phases of the constant-modulus elements in the analog precoding matrix are aligned with the optimal fully digital precoding matrix, while the digital precoder is constructed to minimize the mean squared error between the hybrid precoder and the optimal one. Such construction asymptotically approximates the optimal fully digital precoder and the approximation error is upper-bounded [26] . The distance between the fully digital precoder and the hybrid precoder can be also minimized by recasting the problem into Riemannian manifold optimization [20] , [27] and iterative matrix decomposition [28] . The authors in [29] and [30] solve the non-convex hybrid precoder optimization by decomposing it into a sequence of convex sub-problems. Due to non-convex constraints, the hybrid precoder optimizations in [20] , [23] - [30] do not have closed-form solutions, but require iterative search algorithms.
By leveraging the directivity and spatial sparsity of the mmWave channel, optimization of the hybrid precoder can be considerably simplified. In particular, the steering vectors of the antenna array corresponding to the propagation paths of the physical channel can be used as the spanning set of the space of hybrid precoding matrices, which is also known as directional beamforming [31] . Based on the near-orthogonality of large random matrices, the optimal analog precoder asymptotically converges to the directional beamforming scheme, as the number of antennas increases [22] . The authors in [32] show that the residue error caused by the approximation [22] can be further suppressed by the linear least square estimator, implemented as the digital precoder. In [10] , the hybrid precoder was optimized via the orthogonal matching pursuit, which yields the optimal linear combination of the steering vectors.
Motivated by the efficient designs of hybrid precoding as in [10] , [22] , [31] , [32] , we consider configurable hybrid precoding together with directional beamforming, where the number of active RF chains can be selected. Therein, the analog precoder is configured as the steering vectors of the antenna array, and the digital precoder is chosen to maximize the mutual information of the equivalent channel, combining the effects of the physical channel and the analog precoding. To efficiently determine the required number of active RF chains, we characterize spectral and energy efficiencies of the mmWave MIMO channel with closed-form expressions in both static and mobile communication channels. Specifically, we apply the Gaussian-Radau quadrature rule [33] to lower bound the mutual information of static mmWave channels, which is constructed with the first two moments of the equivalent channel. The derived lower bound is especially accurate in the low SNR regime. In the high SNR regime, we apply the assumption of large antenna arrays and obtain an accurate approximation of the mutual information. In addition, assuming a high-speed mobile communication scenario, a mobility-aware hybrid precoding is proposed, which leverages multiple predicted beams to compensate for performance loss caused by the movement of a communication device. This also includes deriving the corresponding mutual information of the proposed mobility-aware hybrid precoding. Based on these closed-form expressions, the number of activated RF chains can be efficiently calculated to optimize spectral and/or energy efficiencies. We have the following observations on the optimal RF chain configurations: 1) In the high SNR regime, when the propagation paths have similar path gains and when the transmit power is relatively large, there exists a certain optimal number of RF chains to be activated in order to maximize the energy efficiency. As the strength of a single path dominates the others, the optimal number of RF chains decreases and eventually becomes one (i.e., using only analog beamforming [34] ). When the transmit power is small, the analog beamforming is optimal towards maximizing energy efficiency. On the other hand, activating more RF chains always improve spectral efficiency. As a result, the spectral and energy efficiencies cannot be optimized simultaneously. Therefore, depending on the performance requirement, there exists a tradeoff between the two performance metrics. 2) On the contrary, in the low SNR regime, both the spectral and energy efficiencies can be optimally achieved by activating a single RF chain with analog beamforming. As the strength of the dominant path increases, analog beamforming becomes more effective and achieves higher spectral and energy efficiencies. This is in line with the behavior of low-SNR multi-antenna systems, where the antenna array is used to exploit the diversity gain of the MIMO channels. In other words, hybrid precoding reduces to a simple analog beamforming at a low SNR, which greatly simplifies configuration of the mmWave transmitter. 3) In a high-speed communication scenario, the proposed mobility-aware hybrid precoding can effectively improve the spectral efficiency of the communications as compared to the case without mobility-aware design. Numerical results show that mobility-aware hybrid precoding can yield a nearly constant information rate when the transmitter moves at 120 km/h. Indeed, the performance improvement is due to activating additional RF chains and beamforming in some predicted directions of future steering vectors to be seen by the moving device. Therefore, the spectral efficiency increases at the expense of greater power being consumed by the transceiver. A trade-off between spectral and energy efficiencies can be established to configure the mobility-aware hybrid precoding, which is also characterized by closed-form expressions. The rest of the paper is organized as follows: Section II outlines the mmWave channel model, the configurable hybrid precoding scheme, and the power model of transceivers. In Sections III and IV, spectral and energy efficiencies of the mmWave MIMO systems are characterized in high and low SNR regimes, respectively. In Section V, the mobility-aware hybrid precoding is presented and the corresponding performance metrics are derived. Numerical results are provided in Section VI. We conclude the main findings of this paper in Section VII.
We use the following notations throughout the paper: Bold lower-case letter a denotes a vector and bold upper-case letter A denotes a matrix. The element of A on the i-th row and jth column is represented as A i,j = A(i, j), and the sub-matrix formed by columns of A is denoted as A[a 1 , . . . , a n ], where a 1 , . . . , a n are the indexes of the columns. Tr(A), A T , and A † are the trace, transpose, and the conjugate transpose of A. We use notation CN (μ, Σ) to denote a complex circularly symmetric Gaussian random vector with mean μ and covariance matrix Σ, and I n denotes an n × n identity matrix.
II. SYSTEM MODEL
Consider mmWave communication with n T transmit antennas and n R receive antennas. The transfer function between the transmitter and the receiver is denoted as
where the complex vectors x ∈ C n T ×1 and y ∈ C n R ×1 are the transmit and receive signals, respectively. The additive thermal noise n is modeled as the complex white Gaussian vector with variance P n , i.e., n ∼ CN (0, P n I m R ). The noise power is calculated as P n = BN 0 , where B denotes the communication bandwidth and N 0 denotes the power spectral density of the thermal noise. The average channel gain, including the effect of the distance-dependent path loss, is denoted as g.
A. Millimeter Wave Channel Model
Channel H admits the geometrical channel model with L propagation paths [35] and is given as:
where ψ l denotes the complex channel gain of the l-th propagation path. 1 Accordingly, θ l and φ l are the angle-of-arrival and the angle-of-departure corresponding to the l-th path. The antenna array responses at the receiver and transmitter are denoted as vectors a R (θ l ) and a T (φ l ), respectively. In (2) entry being ψ l , the matrices
Here, r l denotes the fraction of the average received power contributed by the l-th propagation path, and {r l } 1≤l≤L are normalized as L l=1 r l = 1. Without loss of generality, {r l } 1≤l≤L are arranged to be ordered:
The angle-of-arrivals {θ l } 1≤l≤L and the angle-of-departures {φ l } 1≤l≤L are independently and uniformly distributed within the interval [−π, π). The array responses depend on the geometry of the antenna array. In particular, we consider the Uniform Linear Arrays (ULAs) and their array responses are given by
Note that matrices A T and A R are in the form of rectangular Vandermonde matrices [36] . Channel H is normalized as
B. Configurable Hybrid Precoder
The traditional multi-antenna transmitter with fully digital transceivers is equipped with n T RF chains, and each is connected to one individual antenna element. However, the antenna arrays of typical mmWave transmitters usually have hundreds of antenna elements. Due to high energy consumption and hardware cost of RF chains, it is difficult to be realized as fully digital architecture. Instead, the mmWave transmitter adopts the hybrid analog and digital architecture, and signal processing is separately implemented as the analog and digital precoding.
In the considered hybrid architecture, the transmitter is equipped with m max RF chains, m max ≤ n T . Each RF chain can be configured as activated or deactivated, and the inactive RF chain will be turned off or put into sleep mode to reduce the total power consumption. As will be shown in (12) and (16), these performance metrics of the considered hybrid precoding scheme heavily depend on the number of activated RF chains, which can be flexibly configured to meet the targeting spectral and energy efficiency requirements.
Given m ≤ m max RF chains activated, the data streams are digitally precoded and fed to the transmit antennas via m RF chains. In order to perform analog precoding, the outputs of the m RF chains undergo a network of analog phase shifters before feeding to the antenna elements. We consider fully-connected phase shifters, where the analog signal between each pair of RF chain and antenna element can be individually phase-shifted. In this case, the signal vector, after analog and digital precoding, is given by
where z ∈ C s denotes the information symbols from the s data streams, s ≤ m. We adopt the Gaussian signaling such that z is a complex Gaussian random vector with z ∼ CN (0, P t /sI s ), where P t is the transmit power. Matrix F D ∈ C m×s denotes the digital precoder, which maps the s data streams to the m RF chains. Matrix F A ∈ C n T ×m denotes the phase shifts of the incoming data streams and each entry of F A satisfies
where | · | denotes the modulus of complex number. The hybrid analog and digital precoder is normalized as
where A F = Tr(AA † ) denotes the Frobenius norm of a matrix A. Define the Singular Value Decomposition (SVD) of H as H = UΣ 1/2 V † , and the SVD of the matrix
In [37] , given a certain analog precoder F A , the corresponding optimal digital precoder is expressed as
where (·) 1/2 denotes the square root of matrix and V[1, . . . , s] denotes the first s columns of V. The s × s diagonal matrix Λ is obtained via the water-filling algorithm across the eigenchannels {Σ(i, i)} 1≤i≤s with the constraint
On the other hand, the design of the optimal analog precoder F A is rather complicated due to the non-convex constraint (7) . In this work, we apply the widely adopted directional beamforming to design the analog precoder. Specifically, given that m RF chains are activated, the analog precoder F A is constructed by the steering vectors corresponding to the first m propagation paths having the strongest average path gains r 1 ≥ . . . ≥ r m , i.e.,
For ease of exposition, we denote
. In other words, by choosing the analog precoder as in (10), transmissions are beamformed towards the directions of the first m strongest propagation paths, which efficiently leverages the geometrical property of the mmWave channel (2) . Note that although directional beamforming is suboptimal in general, it significantly simplifies the design of an analog precoder, while becoming asymptotically optimal as the number of antennas goes to infinity [22] .
To enable a tractable analysis on mmWave MIMO systems, we adopt the following practical approximations to further simplify the structure of the hybrid precoder:
A1) The water-filling power allocation Λ can be approximated as an identity matrix. This approximation is valid when the eigenvalues {Σ(i, i)} 1≤i≤s are relatively large. This condition holds in typical mmWave MIMO channels with a large number of antennas and relatively small number of RF chains [30] , [37] . A2) The number of data streams equals the number of activated RF chains, i.e., s = m. This transmitter setting has been also utilized in [37] , which uses the full multiplexing gain of the effective channel HF A . This is optimal when the effective channel has rank m and the eigenvalues {Σ(i, i)} 1≤i≤m are sufficiently large, as has already been assumed in (A1). This assumption also requires the number of activated RF chains does not exceed the number of propagation paths, i.e., m ≤ L.
Inserting (10) into (9) and applying approximations (A1) and (A2), we obtain
With the analog precoder as in (10) and the digital precoder as in (11), the corresponding spectral efficiency of channel (1), in term of nats/s/Hz, is given by the mutual information of the Gaussian MIMO channel [38] , and expressed as
where γ = P t g/P n denotes the Signal-to-Noise-Ratio (SNR). The matrix W = ΨPΨ † Q, and
C. Power Model
To characterize the power consumption of the transmitter using configurable hybrid precoder, we adopt the power model of the mmWave transceiver as in [27] . Therein, the total power consumed by the transceiver system is modeled as
where P RF and P shift denote the power consumption of a single RF chain and a phase shifter, respectively. The first term of (15) is the total power consumption of the m active RF chains, which converts the digital signal into an analog signal. The analog signals are then amplified to the transmit power P t and fed to the phase shifter network. The second term of (15) accounts for the total power consumed by the amplifiers, where α is the efficiency factor. As the fully-connected network of phase shifters is assumed for the hybrid precoder, there are in total n T m phase shifters between the RF chains and the transmit antenna array. The total power of the phase shifter network is given as the third term of (15). The energy efficiency of the transmitter is defined as the transmitted information bits per unit energy (bits per Joule), and is given by the ratio between the achieved data rate and the total power consumption. By evaluating the communication data rate via the spectral efficiency S(γ), the energy efficiency is given by
where B is the bandwidth of the communication channel. In Sections IV and III, we will derive closed-form expressions of S(γ) in the low and high SNR regimes, respectively. Based on these expressions, the behavior of spectral efficiency and energy efficiency can be understood. The optimal settings of the configurable hybrid precoder can be determined depending on the mmWave MIMO channel conditions.
III. SPECTRAL EFFICIENCY AND ENERGY EFFICIENCY IN HIGH SNR REGIME
In this section, we derive the spectral efficiency and energy efficiency of mmWave MIMO assuming the received SNR is large. In the existing high-SNR analysis for MIMO capacity, prevailing techniques include the Gauthier-Grant's lower bound as in [39] , [40] , and Minkowski's inequality based lower bound as in [41] . Both approaches yield closed-form expressions for the mutual information of rich scattering MIMO channels, which are asymptotically tight in the high-SNR regime. However, these approaches require evaluation of E[log det(W)], which trivially equals zero as W is rank-deficient in the considered hybrid precoding scheme.
To address this issue, we utilize the large antenna array assumption to approximate spectral efficiency (12) in the high SNR regime. In particular, when the number of antennas n T and n R are much larger than the number of propagation paths L, the following approximations are accurate for large Vandermonde matrices [22] :
Note that we do not directly apply the approximations (17) in (13) and (14), which yields an overly simplified approximation and does not reveal the impacts due to steering matrices A T and A R . Instead, we use (17) in a way that the approximation error due to (17) is sufficiently small as the SNR γ → ∞, while the expression of spectral efficiency S(γ) still depends on A T and A R . For ease of exposition, we denote
and spectral efficiency S(γ) can be approximated as
where (19) is obtained by using the approximation Q ≈ I L and therefore, I L − Q is sufficiently small compared to Q + ρΨPΨ † Q assuming large SNR, a.k.a. large ρ. Let Ψ 1 be the upper-left m × m submatrix of Ψ and
Substituting P with (14) , the second term on the Right-HandSide (RHS) of (19) can be rewritten as in (20)- (22), shown at the bottom of this page, where (21) is due to the determinant identity [42] for a block matrix and Δ is given in (22) . Next, we show that log det(I L−m + Δ) in (21) is sufficiently small compared to other terms and can be ignored. In the high SNR regime with large ρ,
−1 can be expanded as a power series in terms of ρ −1 as
Inserting (23) into (22), Δ is expressed as
By using approximations A †
, the elements of the matrix Δ, and eventually log det(I L−m + Δ) become vanishingly small as ρ → ∞. Finally, we approximate the first term of (21) as
where
and we have applied
To sum up steps (19) - (24), spectral efficiency S(γ) is now approximated in a favorable form in the high-SNR regime as
The approximation (25) decouples channel amplitudes Ψ, and the steering matrices A R and A T 1 when calculating spectral efficiency S(γ), where each part can be obtained analytically.
First, we notice that V Ψ is the mutual information of m parallel channels, with complex channel amplitudes { √ ρ ψ i } 1≤i≤m .
Recalling that the complex channel ψ i ∼ CN (0, r i ), we have
where 
of V R by using the well-known matrix identity log det(D) = Tr log(D) for square matrix D. In particular, V R can be immediately rewritten as
The RHS of (28) can be expended as a Maclaurin series in terms
and the second equality is due to the binomial expansion. The normalized moment μ A j is rather complicated as its computation involves the so-called sum over set partitions [36] . It is a combinatorial object that requires one to enumerate a total of B n R summands [44] , where B n denotes the Bell number corresponding to a finite set with n elements and it grows superexponentially as n increases. However, as shown in [36 
Since A † R A R ≈ I L , the series expansion (29) converges fast and we truncate the infinite summation at k = 4, which only requires the first 4 moments given by (30) . Similarly, we can also obtain the asymptotic approximation of V T as in (29)- (30) by replacing n R with n T and L with m, respectively.
IV. SPECTRAL EFFICIENCY AND ENERGY EFFICIENCY IN
LOW SNR REGIME
In this section, we will derive the lower bound for spectral efficiency S(γ) and energy efficiency E(γ) in low SNR regime. These performance bounds are obtained based on the GaussRadau quadrature rule [33] , which requires the first few moments of the random matrix W [45] , defined as μ 
As n T and n R approach infinity, the asymptotic expression of μ W 2 is given by
Proof: The proof of Proposition 1 is in Appendix A. Using μ W 1 and μ W 2 calculated in Proposition 1, the lower bound of spectral efficiency S(γ) can be derived using the Gauss-Radau quadrature rule and is presented in the next proposition.
Proposition 2: The spectral efficiency is lower bounded as
where G array and G mx are the array gain and the spatialmultiplexing gain of MIMO systems and are given as
Proof: The proof of Proposition 2 is a direct application of Bai and Golub's inequality [46, Eq. (10) ]. Therein, a lower bound λ LB of the smallest eigenvalue of matrix I L + (n R n R /m)γW is needed. A choice of such a lower bound is λ LB = 1.
As will be shown in Section VI, the lower bound given in (33) is especially tight when the SNR is relatively small. In (33) , G mx and G array can have a significant impact on the performance of MIMO systems [47] as both are functions of the number of activated RF chains, m. In generic system settings, an adequate number of RF chains can be determined by evaluating (33)-(35) for a range of m, which can be done efficiently by using these closed-form expressions. In addition, for some specific channels, as will be discussed below, (34) and (35) provide intuitive indications on the adequate value of m. Recall that the average gains of propagation paths are normalized as L i=1 r i = 1. We consider a channel structure having one path with channel gain r 1 and L − 1 paths with common channel gain
. When r 1 = r c , i.e. all channels have the same gain, G mx and G array can be approximated as
where we have applied the limits n T , n R → ∞ to obtain the RHS of (36) and (37) . Equation (36) shows that the spectral efficiency may be improved by increasing the number of RF chains as the multiplexing gain G mx is linearly proportional to m. However, the array gain G array is inverse proportional to m, which reduces the effective SNR as m increases. As a result, when the number of activated RF chains is relatively large, the improvement of spectral efficiency is only marginal while severely impacting the power consumption. When r c r 1 ≈ 1, i.e., there is a dominant propagation path, G mx is approximately calculated as
where the second approximation is obtained by ignoring the small r 2 c terms. Under the same condition, the array gain G array is calculated as
where the first approximation is obtained by letting n T , n R → ∞, and the second approximation is obtained by ignoring the r 2 c term and using the Taylor expansion of 1/(1 + (m − 1)r c /r 1 ).
In this case, as r 1 ≈ 1, the multiplexing gain G mx in (38) is approximately 1/2 regardless of the number of activated RF chains. However, the array gain G array in (39) maximizes when m = 1. Therefore, when there is a dominant propagation path with r 1 ≈ 1, it is optimal to activate a single RF chains. The Gauss-Radau quadrature rule can be extended to incorporate higher order moments of W, which could improve accuracy of the lower bound (33) . However, the derivations of μ W i , i ≥ 3, involve complicated combinatorial structures due to the Gaussian moment theorem [48] . We leave studies of higher order moments of W and the corresponding improved lower bound of the spectral efficiency to future works. By substituting S LB (γ) into (16), the energy efficiency is lower bounded as
V. SPECTRAL EFFICIENCY AND ENERGY EFFICIENCY OF MOBILITY-AWARE HYBRID PRECODING
In this section, we apply the directional beamforming in mobile communications, where the transmitter is a moving vehicle, while the propagation environment and the receiver are fixed. In this circumstance, the steering matrix A T of the channel (2) changes with the movement of the vehicle and therefore depends on time, speed, and the moving direction. To illustrate such dependence, with a bit abuse of the notations in Section II, we first present the time-varying channel model H[t]. Then, we apply a Mobility-Aware Beamforming (MAB) technique to construct the hybrid precoder at the transmitter, which sends information symbols in the directions of predicted steering vectors as the channel H[t] changes. In particular, we hereafter adopt an important assumption that the hybrid precoder is updated periodically. Accordingly, the design of the hybrid precoder takes into account the variations of the channel between two consecutive update events. This assumption is relevant for practical mobile communication systems, where the update interval is selected to trade off between performance and operational complexity. For example, the hybrid precoder may be assumed to be updated at the beginning of an LTE frame, which spans 10 milliseconds in time domain [49] .
As shown in Fig. 1 , we consider a single-path propagation channel with a scatterer located at the origin of the Euclidean plane. The antenna elements of an ULA transmitter are aligned along the antenna axis, which has angle ϕ A relative to the hor- 
) by comparing the RHS of (41) with (5) . Since the scatterer and the receiver are assumed to be fixed, the steering vectors of the receiver array is not timedependent and therefore, the single-path channel can be written as
As discussed above, the hybrid precoder is presumably updated at the beginning of every transmission frames, while keeps fixed for the current frame. The analog precoder chosen for one instantaneous steering vector, such as the one given by (10), causes significant performance degradation when the steering vector mismatches the analog precoder due to mobility of the transmitter. To address this issue, we hereafter propose the MAB scheme, where the current and some of the predicted steering vectors to be seen by the transmit array are chosen as the analog precoder. As shown in Fig. 2 , the transmitter sends a direct beam to the instantaneous direction of the scatterer and three predicted beams. As the transmitter moves upwards, the scatterer will be illuminated by these partially overlapped beams, and the total beamwidth of the transmission is increased compared to a single beam. Of course, the number of beams should be properly adjusted to trade off between the spectral and energy efficiencies as the power consumption of the transceiver is also increased due to the additional beams and RF chains. Next, given a certain number of beams, we illustrate how to choose the directions of the predicted beams to avoid fluctuations in the received SNR. Then, we derive the closed-form expression of the corresponding spectral efficiency, where the MAB is applied to construct the hybrid precoder. The closed-form expression facilitates to determine the numbers of beams and active RF chains, which optimally trades off the spectral and energy efficiencies.
Let
) denote the direct beam and {f A,k } 1≤k≤m−1 denote the m − 1 predicted beams. The analog precoder applying the MAB is constructed as
Similar to (11), the corresponding optimal digital precoder is selected as
which shows that the number of activated RF chains is the same as the number of transmitted beams. Consider the projection of an arbitrary steering vector f = a T (φ) onto f A,0 calculated as
where sinc(x) = sin(πx)/(πx) is the sinc function and the last equality is obtained by taking the limit n T → ∞ using [47, Eq.
) is the steering vector of the channel at time t = 0, the projection (45) represents how the beamforming gain degrades as the direction-of-departure φ changes due to, e.g., mobility of the transmitter. In particular, we notice that the sinc function becomes zero, when
where l is positive integer. In other words, when the directionof-departure φ changes to the RHS of (46), the beamforming gain vanishes. In order to overcome this problem, the predicted beams are transmitted in the first few directions of (46) (44), the spectral efficiency is calculated as
where p [t] and q are given by
The third equality of (47) is due to (27) . Again, the energy efficiency E(γ) is calculated as in (16) . As will be shown in Section VI, a trade-off between these two performance metrics exists to configure the mobility-aware hybrid precoder, where the trade-off depends on the velocity of the moving device.
VI. NUMERICAL RESULTS
First, we illustrate the accuracy of the high-SNR approximation (25) and the low-SNR bound (33) for the spectral efficiency of mmWave MIMO using hybrid precoder. In Fig. 3 , we assume that the received SNR γ is relatively large, 4 and set the number of transmit and receive antennas to n T = 128 and 
as we discussed in Section IV. Fig. 3 shows that the approximation given in (25) agrees with simulations for the considered range of SNRs and the system settings. At large SNRs, the achieved spectral efficiency improves by activating additional RF chains, which allows more data streams to be transmitted simultaneously. This is in line with the high-SNR MIMO transmission strategy that utilizes the multiplexing gain of MIMO channels. Fig. 4 illustrates the accuracy of the lower bound of the spectral efficiency by comparing S LB (γ) calculated in (33) and the numerical simulation results. The number of antennas at the transmitter and receiver are set to n T = 128 and n R = 16, and the number of RF chains is m = 1 or m = 4. We adopt similar channel configurations with L = 10 paths, where the average gain of the dominant path is r 1 = 0.1 or r 1 = 0.9. Fig. 4 shows that the corresponding lower bound (33) captures the behavior of the spectral efficiency well, which is especially accurate when γ is small. When the mmWave MIMO channel has an equal path gain with r 1 = 0.1, the spectral efficiency is higher with activated 4 RF chains. On the other hand, when a dominant propagation path exists with r 1 = 0.9, the achieved spectral efficiency is substantially higher compared to r 1 = 0.1. In this case, the optimal transmission strategy is to activate only a single RF chain and beamform towards the strongest propagation path (i.e., analog beamforming without digital precoding). Results in Fig. 4 are in line with our prediction in Section IV.
Next, we study the impact of the proposed configurable hybrid precoding scheme on both of the energy and spectral efficiency of mmWave MIMO communications. Specifically, we illustrate the energy efficiency and spectral efficiency as functions of the activated number of RF chains at macro and femto base stations, under different physical channels at high, medium, and low SNR settings. In the numerical simulations, we assume there are n T = 128 transmit antennas, n R = 64 receive antennas, and L = 10 propagation paths. Other key system parameters are summarized in Table I . The subscripts "macro"and "femto"refer to the parameters of the macro and femto base stations, respectively. In Fig. 5 , the energy efficiency and spectral efficiency of the mmWave MIMO channels are plotted at a relatively high SNR with γ = 0 dB. Here, we apply the high-SNR approximation (25) to compute E(γ) and S(γ), and the results are then compared with the numerical simulations, where r 1 = 0.1, 0.7, or 0.9. Note that the spectral efficiency of the macro and femto base stations is identical as S(γ) does not depend on a specific power model (15) . As shown in Fig. 5 (a) , when r 1 = 0.1, in order to maximize the energy efficiency of the macro base station, the optimal number of RF chains to be activated is 5, and the hybrid precoder is configured to beamform towards the corresponding strongest 5 propagation paths. As r 1 increases to 0.7 and 0.9, there exists a dominating propagation path between transmitter and receiver, and the optimal hybrid precoding is to activate two and one RF chains, respectively. In these two cases, activating more RF chains reduces the energy efficiency due to high power consumption of the RF chains and the phase shifting network (15) . In the case of the femto base station, a single RF chain is optimal for all three channels, as shown in Fig. 5 (b) . This is because the RF chain of the femto base station consumes much less power compared to the macro base station, which substantially decreases the total power P total in energy efficiency (16) . On the other hand, Fig. 5 (c) shows that the spectral efficiency always improves when more RF chains are activated. This is in line with the behavior of high-SNR MIMO capacity, where the capacity improves linearly to the number of multiplexed data streams.
In Fig. 6 , we plot the energy and spectral efficiencies when the SNR γ = −15 dB, where the same high-SNR approximation (25) is used to obtain the analytical results. Figs. 6 (a) and (b) show that the energy efficiency of macro and femto base stations decreases approximately by half compared to the corresponding high SNR counterparts, as shown in Figs. 5 (a) and (b) , respectively. Meanwhile, as the SNR decreases, it becomes less spectrally efficient to activate more RF chains. This is illustrated in Fig. 6 , where the spectral efficiency curves become flattened or even decreasing as the number of RF chains increases. Therefore, the optimal number of RF chains required at macro base stations is less for all the three channels, resulting in 2 RF chains when r 1 = 0.1, and one RF chain when r 1 = 0.7 and 0.9. Results in Figs. 5 and 6 also show that there exists a tradeoff between spectral efficiency and energy efficiency for most of the channel conditions, especially when the propagation paths have similar path gains {r i } 1≤i≤L . In this case, we cannot maximize the spectral efficiency and the energy efficiency of the hybrid precoding simultaneously. Instead, we have to trade off one performance metric for another.
In Fig. 7 , when SNR γ = −30 dB, the behavior of the spectral and energy efficiencies is investigated via lower-bounds (33) and (40), respectively. Here, the dominant propagation path has the path gain r 1 = 0.1, 0.4, or 0.9. As shown in Figs. 7 (a) and (b) , the optimal energy efficiency of both macro and femto base stations is achieved when a single RF chain is activated. In addition, Fig. 7 (c) shows that the spectral efficiency has only marginal improvement when r 1 = 0.1 and decreases drastically under other channels. Therefore, using a single RF chain maximizes both the energy efficiency and the spectral efficiency, which is in contrast to the high SNR cases, where a tradeoff between the two performance metrics exists. In other words, the optimal hybrid precoder reduces to the analog beamforming in the low SNR regime, which simplifies the design of analog and digital precoders.
Finally, we study the spectral efficiency of the mobility-aware hybrid precoding, where a transmitter is a high-speed moving vehicle. When t = 0, we assume that the transmitter is located 5 meters away from the scatterer and moves perpendicularly towards it. The velocity of the transmitter is set at 120 km/h. Along the trajectory of the transmitter, the spectral efficiency is calculated using (47) , which is also confirmed by numerical simulations denoted by markers (i.e., see Fig. 8 ). The number of transmitted beams, as well as the activated RF chains, varies from m = 1 to 6. When no predicted beam is used, i.e., m = 1, Fig. 8 shows that the spectral efficiency quickly decreases due to movement of the transmitter. The variation of the spectral efficiency, from 9 to 2 nats/s/Hz, also causes difficulties in Fig. 8 . Spectral efficiency of mobility-aware hybrid precoding with the precoder updated every 10 milliseconds. The transmitter is moving perpendicularly to the direction towards the scatterer with a speed 120 km/h. designing the encoder at the transmitter as the encoder has to track the instantaneous state of the channel for rate adaptation. With m ≥ 2, peak spectral efficiency (which is achieved at the initial transmitter's location) decreases compared to the case m = 1. Yet, a fixed information rate can be maintained even with the movement of the transmitter. As m increases, the information rate remains unchanged for a longer time period (i.e., up to 10-millisecond), especially for m = 5 and 6.
In Fig. 9 , we plot the averaged spectral and energy efficiencies as functions of the number of beams m (or activated RF chains). In these experiments, the average is taken over a 10-millisecond time frame. When the transmitter moves at 40 km/h, spectral efficiency is maximized with two beams, but drops when using more beams, which is due to a reduction in the radiated transmission power within each beam. The results in Fig. 9 also indicate that as the velocity increases to 80 and 120 km/h, spectral efficiencies drops, but reaches the maximum with m = 4 and m = 5, respectively. In all these cases, however, energy efficiency is maximized only when one beam is transmitted. Therefore, similar to the results in Figs. 5 and 6, there exists a tradeoff between the spectral and energy efficiencies in designing the mobility-aware hybrid precoding.
VII. CONCLUSIONS
Spectral efficiency and energy efficiency are key physicallayer performance metrics when designing a wireless communication system. In this work, we consider configurations of a flexible hybrid precoding scheme for millimeter wave MIMO communications, where the number of active RF chains can be adjusted to achieve optimal, yet different, settings for the two performance metrics. To characterize the achieved performance, we derive lower bounds for the spectral and energy efficiencies using the Gaussian-Radau quadrature rule, which is especially tight in the low SNR regime. In the high SNR regime, closedform approximations are obtained using the assumption of large antenna arrays. In addition, a mobility-aware hybrid precoding is proposed for mobile vehicular communications and its performance metrics are derived. Based on these explicit expressions, the proper number of active RF chains can be efficiently determined, so as to facilitate adaptive hybrid precoding depending on varying channel conditions.
Numerical results justify the accuracy of the analytical bounds/approximations, and show that there exists a tradeoff between spectral efficiency and energy efficiency by varying the number of activated RF chains. In other words, optimal settings to maximize these two performance metrics are generally different and one has to configure the hybrid precoder according to the specific requirements. On the contrary, in the low SNR regime, both the spectral and energy efficiencies maximize when hybrid precoding reduces to analog beamforming using a single RF chain. Under such channel conditions, configuration of the hybrid precoding becomes simple and analog beamforming is both spectral and energy efficient. Moreover, by transmitting additional predicted beams, the proposed mobility-aware hybrid precoding is capable of maintaining a communication link with a stable information rate, which is suitable for high-speed vehicular communications. Depending on the velocity of the communication device, numerical results show that the number of beams and the corresponding RF chains ranging from 2-5 would be able to maximize the spectral efficiency. Such configurations would also have a reasonable power consumption for high-speed mobile communications. For 1 ≤ a 1 , a 2 , b 1 , b 2 ≤ t, the following identities hold:
Denote U (n) as the set of n × n Haar unitary matrices. Let U ∈ U(n), and denote U = {U (p, q)} 1≤p,q≤n and dU as the normalized Haar measure on the unitary group U (n).
Lemma 2. (Integral identities of Haar unitary matrices [50]):
The following integral identity of Haar unitary matrices holds:
We are now ready to prove Proposition 1. Inserting (4) into (13), the entries of Q are given by
Denote the sets of indices A 1 , A 2 , and A 3 as
The entries of the matrix P, with the indices (i, j) ∈ A 1 ∪ A 2 , are given by inserting (5) into (14) as
Denote the SVD of A T 1 as
As n T ≥ m, the rectangular diagonal matrix Σ T 1 is of the form
T and the diagonal elements of Σ T 1 are the non-zero eigenvalues of
The entries of P, with the indices (i, j) ∈ A 3 , are therefore expressed as
The first moment μ
where (a) is due to the independence among Ψ, A T , and A R , (b) is due to Lemma 1. Replacing (48), (52), and (54) into (55), we obtain
where (c) is due to the expectation E[e i(d−c)φ a ] = δ c,d over the uniformly distributed random variables φ a , and (d) is due to the orthonormal property of the columns of the unitary matrix U T 1 , i.e.,
is derived in (57) as shown at the bottom of this page. Then, we calculate the RHS of (57) in (58)-(60), shown at the bottom of the next page, when the indices a 1 and a 2 of the summands fall within the sets A 1 , A 2 , and A 3 , respectively. Note that the exact expressions of the summations over A 1 and A 2 can be obtained analytically. However, for (a 1 , a 2 ) ∈ A 3 , the three terms on the RHS of (60) 
The third term of (60) is intractable as the summations over c 1 , c 2 , d 1 , and d 2 (satisfying c 1 + c 2 = d 1 + d 2 ) cannot be solved via the orthonormal property of the unitary matrix U T 1 , and the expectations over U T 1 , being the singular matrix of the Vandermonde matrix A T 1 , is difficult since the distribution of U T 1 is unknown. Instead, we evaluate the order of magnitude of the third term of (60) by approximating the matrix U T 1 with a n T × n T random Haar unitary matrix U. Denoting the elements of U as {U (c, b)} 1≤c,b≤n T , we estimate each individual expectation E [U T 1 (c 1 , b 1 )U T 1 (c 2 , b 2 )U T 1 (d 1 , b 1 
Summarizing (58)- (63), we obtain the desired result as in (32) .
